D uring the past 10 years, the use of thallium-201 myocardial perfusion imaging has undergone considerable expansion and evaluation. Originally conceived as a noninvasive diagnostic tool useful in determining the presence or absence of anatomical coronary artery disease,1-4 201T1 imaging has now been shown to have important prognostic value in a wide spectrum of patients with coronary artery disease. This prognostic value derives from the ability of 201T1 imaging to identify the presence and extent of jeopardized viable myocardium. After a brief background discussion, data are reviewed that concern the prognostic value of 201T1 imaging in three primary populations-1) patients presenting with known or suspected coronary artery disease, 2) post-myocardial infarction patients, and 3) patients undergoing noncardiac surgery. Data comparing the prognostic value of 201T1 predictors to other patient variables, including clinical, electrocardiographic, and angiographic variables, are discussed. Finally, the physiological basis of these observations are examined. Background 201fT1 is a monovalent metallic element that emits mercury radiographs of 69-80 keV that can be imaged by a conventional anger gamma camera. The uptake of 201TI by myocardium occurs by both passive diffusion and active mechanisms involving Na-K, ATPase,50°51 resulting in a first-pass extraction of 88% by myocardium.52 Importantly, 201'1 extraction is not diminished when myocytes are subjected to ischemia or hypoxia that does not result in cell death53-57; only when myocytes are irreversibly damaged is 201TI uptake depressed. Absolute related to regional myocardial blood flow within physiological ranges of coronary blood flow, with a modest degree of underestimation of blood flow at very high flow rates and overestimation at very low rates.60-63 Therefore, regional inhomogeneity of myocardial blood flow caused by coronary artery disease will be manifest by regional differences in 201`T uptake resulting in "defects" seen in myocardial images.
Thallium-201 Kinetics
Under conditions of coronary hyperemia induced by exercise or vasodilator drug (e.g., dipyridamole), normal myocardial 201T1 uptake is very brisk, reaching peak levels within several minutes after an intravenous injection.5464 Thallium then washes out from the myocardium with a half-life of 4-8 hours.65 '66 The washout rate of 201T1 in large part reflects the concentration gradient of thallium between myocardium and blood. In the presence of hemodynamically significant coronary artery disease, peak 20`T1 uptake is relatively decreased and peaks somewhat later. Furthermore, because myocardial uptake is less than normal, the initial concentration gradient between myocardium and blood is less than in normally perfused areas. As a consequence, thallium will wash out more slowly in hypoperfused than in normally perfused myocardium. In addition, after initial uptake of 201Tl, a process of continuous 201T1 exchange between blood and myocyte compartments occurs with continuous extraction and release of ionic thallium by viable myocytes. As a result of such different washout rates between normal and hypoperfused myocardium, regions with decreased initial relative uptake of 201T1 will demonstrate a relative improvement in thallium activity when imaged 2-4 hours later. This phenomenon of a transient or reversible 201T1 defect 364 Circulation Vol 83 , No 2, February 1991 redistribution as a marker of jeopardized viable myocardium that have very consistently been shown to have important prognostic value.
Thallium-201 Lung Uptake
Increased lung uptake of 20'Tl activity has been shown to be a marker of severe coronary artery disease. Many techniques of evaluating lung uptake have been described, including qualitative, quantitative, and washout methods. [74] [75] [76] [77] Although the exact nature of the increased 201T1 content is incompletely understood, increased lung uptake of 201T1 has been positively correlated to stress-induced increases in pulmonary capillary wedge pressure74,78 and pulmonary transit time79 and negatively related to changes in cardiac output. 78 These observations suggest that lung uptake of 201T1 depends on hydrostatic pressure in the pulmonary capillary bed and factors that influence pulmonary tissue contact time and extraction efficiency. Increased lung uptake of 20'Tl during exercise in patients with coronary artery disease presumably reflects ischemia-induced left ventricular dysfunction related to severe, extensive coronary disease. However, left ventricular dysfunction from any cause, including cardiomyopathy and valvular or congenital heart disease, would be expected to increase lung uptake of`01T1. As discussed below, the basis of the important prognostic value of increased lung uptake presumably reflects this relation to left ventricular dysfunction. 201T1 lung uptake was the best predictor of cardiac events, although both the number of angiographically diseased vessels and the presence of defects with redistribution (transient defects) had significant multivariate predictive value when lung activity was not considered. Furthermore, the overall prognostic information from 201T1 data was significantly superior to angiographic and exercise electrocardiographic data. 13 In a separate study at a different institution, Kaul et al14 found that the number of diseased vessels was the best predictor of cardiac events and that the number of transient defects added significant prognostic value. They concluded that both overall exercise`01TI data (including number of transient defects, change in heart rate during exercise, ST segment depression, and ventricular ectopy during exercise) and catheterization data were highly significant predictors of cardiac events (p<0.0001) and were equal in predictive power. Each was significantly superior to exercise data alone.
Recently, several articles have reported that 201l1 imaging performed in conjunction with dipyridamoleinduced coronary hyperemia also has important prognostic value.'156 Compared with angiographic and clinical variables, reversible 20"1l defects on dipyridamole studies have been found to be the only significant predictors of cardiac events in asymptomatic patients with coronary artery disease.15 Patients with normal images or only fixed defects had low event rates. A larger study found that an abnormal dipyridamole201Tl study was an independent significant predictor of 
V/ / ± 20 2`TlI imaging offers several potential advantages: 1) increased sensitivity for detecting multivessel coronary disease, 2) the ability to localize ischemia to individual coronary territories, 3) the ability to distinguish infarct-from non-infarct-zone myocardium, and 4) the ability to identify exercise-induced left ventricular dysfunction, manifest by increased lung uptake. In addition, interpretation of the significance of ST segment changes is often limited because ST elevation may occur in electrocardiogram leads with Q waves that reflect regional asynergy rather than ischemia and may be associated with reciprocal ST segment depression that may also not reflect ischemia.82 Accordingly, an increasing number of studies have examined the prognostic value of`'Tl myocardial imaging after an acute myocardial infarction. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Gibson and colleagues in 198324 first compared the predictive value of predischarge submaximal exercise 20`TI studies with clinical, exercise electrocardiographic, and coronary angiographic data.
Among 20`T1 variables, the presence of redistribution, defects involving multiple vascular territories, and increased lung uptake had the most important prognostic value. Compared with exercise testing and coronary angiography, the combination of these 201Tl criteria had significantly greater sensitivity for predicting future cardiac events. Furthermore, the ability to distinguish high-from low-risk groups was greatest for 201T1 criteria ( Figure 3 ). Several subsequent postinfarction risk stratification studies reported that submaximal exercise 2OPlT imaging had significant prognostic value but that`0'Tl predictors were not additive to exercise radionuclide ventriculographic data25 or were significant only when used in combination with stress electrocardiographic results (Table 3) .26 However, a more recent study of patients who had acute myocardial infarction and one-vessel coronary artery disease found that late cardiac events were significantly related to the presence and number of transient defects on a submaximal predischarge 201T1 study and that no clinical or exercise electrocardiographic variable showed significant relation to cardiac event.27
Although 201T1 imaging appears to add significant sensitivity to exercise testing for the detection of underlying coronary artery disease83-86 and future 40 approximately one third of the patients underwent nonaortic surgery, which has a significantly lower overall perioperative cardiac risk than aortic surgery.45 However, the prevalence of such patients among each clinical risk factor subgroup is unclear. Therefore, it is not known whether the same overall low risk found in patients without clinical risk factors would apply to patients undergoing aortic reconstructive surgery. In a recent series of patients undergoing major vascular and general surgery,41 no clinical factor risk stratification scheme, including Eagle's criteria, 40 Goldman,'04"05 Detsky modified,106"107 and Dripps ASA score,109 was useful in predicting perioperative cardiac death or myocardial infarction. However, nine of 21 patients (42%) with reversible 201T1 defects had perioperative cardiac death or infarction compared with none of 30 without reversible defects (p<0.0001).
Additional data are also needed regarding the preoperative prognostic value of other features of 21Tl imaging. As discussed above, the extent of myocardium at risk, manifest by the number of myocardial segments with transient 201l1 defects, may have important prognostic value beyond simply the presence or absence of reversible defects. Eagle and colleagues38 did not find that perioperative risk was related to the number of transient defects. However, more recently, perioperative risk was found to be directly related to the number of reversible 201T1 defects in diabetic patients undergoing vascular surgery. 42 Patients with five or more (of a possible 10) reversible defects had a 44% probability of a perioperative cardiac event compared with a 14% probability in patients with one or more reversible defects and a 3% probability in patients without reversible defects (p<0.01). In addition, Lette and colleagues43 identified a subgroup based on the extent and severity of transient 201fl defects that comprised 17% of all patients undergoing major vascular and general surgery and had an 80% probability of perioperative death or myocardial infarction. Furthermore, on reanalysis of one of their previous studies,40 Eagle 
failure who were candidates for renal allograft surgery.44 Such a population of patients is known to be at increased risk for clinical or occult coronary artery disease and ischemic complications.111-'13 By multivariate regression analysis, the presence of a transient 201T1 defect and left ventricular ejection fraction were the only significant predictors of future cardiac death or myocardial infarction. Only patients without transient defects underwent allograft surgery. There were no perioperative cardiac events among the 35 patients, although 13 (37%) had depressed ejection fractions. Other investigators have found dipyridamole-'01T1 single-photon emission computed tomography imaging to be insensitive for anatomical coronary disease or long-term cardiac events in patients with end-stage renal failure.'14 However, another study"6 found that pretransplant and postoperative cardiac death and myocardial infarction occurred only in patients with transient defects and did not occur in patients with fixed defects or normal images.
Although there are very little specific data available to the clinician to base recommendations for using`Tl imaging for preoperative risk stratification of patients undergoing nonvascular, noncardiac surgery, several principles may help guide patient selection until more information is available. First, 201T1
imaging, like any risk stratifier, is likely to be most useful in patients undergoing noncardiac surgery that carries the greatest perioperative risk. Therefore, 201TI imaging will be more useful in risk-stratifying patients undergoing major orthopedic, bowel resection, or gastrectomy surgery compared with patients undergoing procedures such as transurethral resection of prostate or hemiorrhaphy because of their substantially higher perioperative cardiac risk.104,105115 Cholecystectomy carries an intermediate risk. 115 Second, 20`Tl imaging is most likely to be useful in patients with a high risk of underlying coronary artery disease. Patients with known prior myocardial infarction by history or electrocardiography or with a history suggestive of angina will more likely benefit from 201TI risk stratification than will patients without clinical evidence of cardiac disease. As discussed above, asymptomatic coronary artery disease may be problematic. However, unlike peripheral vascular surgery in which the patient population itself defines a cohort of patients at high risk for coronary artery disease independent of symptomatology, it may be more appropriate to use clinical evidence of coronary disease in other types of general noncardiac surgery to determine whether to proceed further with a 20`TI study.
Proposed algorithm for preoperative risk stratifica- 56, 67122 Some recent studies have shown that some apparently fixed defects will improve after revascularization72 or will demonstrate some degree of redistribution if reimaged 18-72 hours later73 (see below). However, regardless of these observations, there seems to be a fundamental difference in the prognostic significance of transient versus fixed defects that in some way probably reflects differences in the presence or degree of jeopardized viable myocardium.
Newer Perfusion Agents On the horizon are new, exciting myocardial perfusion agents that use technetium-99m-based organic compounds and have distinct advantages because of improved imaging characteristics, particularly with tomographic imaging. A detailed comparison of these agents to 201fl imaging is beyond the scope of this review. However, they differ from 201T1 in that they show little or no redistribution, requiring sequential injection and imaging at rest and during PVD SURGERY stress.123-'30 Early studies suggest comparable diagnostic accuracy for detecting angiographic coronary disease.131132 However, in view of the now wellestablished prognostic value of 201TI imaging, the new perfusion agents will need to be held to an additional standard of clinical usefulness.
Limitations of Prior Studies
Taken as a whole, the many studies described unequivocally establish the importance of 201T1 imaging as a prognostic tool; however, conclusions must be somewhat tempered by consideration of the following several factors. Definition of "Cardiac Event" Varies Among Studies Some studies have defined "cardiac events" as "hard" end points of cardiac death or nonfatal myocardial infarction, 5, [8] [9] [10] [11] 15, 16, 25, 28, 30, 35, 37, 41, 43 whereas others have lumped such events together with "soft" end points, including unstable angina or coronary revascularization. 6,7,12-15,24,26,27,29- by stress electrocardiography.'33134 Although it is reasonable to hypothesize that patients demonstrated by`01T1 imaging to be at greatest risk for cardiac events are the most likely subgroup to benefit from revascularization, this is unproven. Particularly difficult management decisions may arise in potential vascular surgery patients identified by`01TI imaging to be at greatest risk for perioperative cardiac events. Such patients are often poor candidates for coronary bypass surgery because of their general condition, age, coexisting cerebrovascular disease, and the potential morbidity associated with delay of planned vascular surgery. Although coronary angioplasty may allow some of these patients to avoid surgery, the risk of acute occlusion during angioplasty requires assessment of the risk of bypass surgery in these patients as well. There is a very obvious need for a large randomized study to compare interventional with modern aggressive medical treatment strategies in postinfarction, preoperative, and chronic coronary artery disease patients identified by 201T1 imaging to be at high risk for future cardiac events. Meanwhile, it is important to remember that whether an interventional approach improves prognosis compared with aggressive medical treatment is unproven and that the risk-to-benefit ratio of revascularization should be carefully assessed on an individual basis for each patient. (Table 3) have not controlled for pl-blockers or other treatment at the time of imaging. Whether treatment affects imaging results and prognosis concordantly or masks potentially high-risk coronary artery disease is unknown and requires further study.
Not All Fixed Defects Represent Infarction
Recently, several studies have challenged the concept that fixed defects represent scar or infarction.7273139,140 Earlier reports suggested that some fixed defects will show improved perfusion after revascularization but that the more severe the defect, the less likely to be improvement.14' However, regional or global improvement in left ventricular function was far more likely to occur after revascularization when transient defects were present compared with fixed defects.'42143 More recently, Liu and colleagues72 reported that 75% of fixed defects normalized after coronary angioplasty. However, this was a highly selected group of patients since only 8% had electrocardiographic evidence of myocardial infarction.72 In a larger, prospective study, 22% of all nonreversible defects at 4 hours showed redistribution at 18-72 hours. 73 Interestingly, approximately 10% of defects showing reversibility at 4 hours appeared fixed on late imaging.73 This latter study did not differentiate partial redistribution from fixed defects,73 an important issue because most of the prognostic studies discussed in this treatise have found significant predictive value for the presence of any significant redistribution, lumping partial and total redistribution together. In addition, imaging quality and counting statistics may be a problem with late (especially 72 hours) imaging and may reduce the reliability of such results, although investigators have attempted to minimize this by additional imaging time. Nevertheless, such technical factors may explain why some defects appeared reversible at 4 hours but fixed at late imaging. '39 Results from metabolic imaging studies using positron-emission tomography have suggested that fixed defects have viable myocardium within the segment. ' 
